Abstract. China is facing a severe ozone problem, but the origin of its ozone remains 11 unclear. Here we use a GEOS-Chem based global-regional two-way coupled model 12 system to quantify the individual contributions of eight emission source regions 13 worldwide to springtime ozone in 2008 over China. The model reproduces the observed 14 ozone from 31 ground sites and various aircraft and ozonesonde measurements in China 15 and nearby countries, with a mean bias at 10-15% both near the surface and in the 16 troposphere. We then combine zero-out simulations, tagged ozone simulations, and a 17 linear weighting approach to accounting for the effect of nonlinear chemistry on ozone 18 source attribution. We find considerable contributions of total foreign anthropogenic 19 emissions to surface ozone over China (2-11 ppb). For ozone averaged over China of 20 anthropogenic origin, foreign regions together contribute 40-50% below the height of 21 2 km and 85% in the upper troposphere. For total foreign anthropogenic emissions 22 contributed ozone over China at various heights, the portion of transboundary ozone 23 produced within foreign emission source regions is less than 50%, with the rest 24 produced by precursors transported out of those source regions. Japan and Korea 25 contribute 0.6-2.1 ppb of surface ozone over the east coastal regions. South-East Asia 26 contributes 1-5 ppb over much of southern China and South Asia contributes up to 5-27 10 ppb of surface ozone over border of southwestern China; and their contributions 28 increase with height due to strong upwelling over the source regions. European 29 contribution reaches 2.1-3.0 ppb for surface ozone over the northern border of China 30 and 1.5 ppb in the lower troposphere averaged over China. North America contributes 31 0.9-2.7 ppb of surface ozone over most of China (1.5-2.1 ppb over the North China 32 Plain), with a China average at 1.5-2.5 ppb at different heights below 8 km, due to its 33 large anthropogenic emissions and the transport-favorable mid-latitude westerly. 34
Introduction 36
Ozone is an important atmospheric oxidant and the primary source of the hydroxyl 37 radical (OH). At surface, ozone also damages human health and reduces crop yield. 38 China is currently facing a severe ozone pollution problem, with measured maximum 39 hourly ozone exceeding 200 ppb in many cities (Wang et Asia, and East Asia, each defined as a broad rectangle-shaped area) (HTAP, 2010) . 62 HTAP showed that the annual average impact of North American emissions on East 63
Asian surface ozone is comparable to the impact of East Asian emissions on North 64 America (0.22 ppb averaged over each rectangular region). 65
Several studies investigated the influence of transboundary transport on surface ozone 66 over Chinese territory (Wang et observational and back-trajectory analyses, Yin et al. (2016) found that ozone at the 81 Nam Co site over Tibet in spring is greatly affected by anthropogenic contributions 82 from South Asia. 83
Transboundary ozone due to precursor emissions of a source region can be produced 84 both within and outside the source region. The rest of our paper is organized as follows. Section 2 presents model simulations, 120 measurement data, and the ozone source attribution method. Section 3 evaluates the 121 modeled ozone and CO using ground, aircraft and ozonesonde observations. Section 4 122 analyzes the modeled contributions to near-surface ozone over China by natural sources 123 as well as anthropogenic emissions in individual regions. Section 5 shows the ozone 124 source attribution at different heights of the troposphere. For each emission source 125 region, it also separates the contribution of ozone produced within that source region 126 from the contribution produced outside of that source region. Section 6 concludes the 127 study. 128
Model simulations, measurements, and source attribution method 129

Two-way coupled GEOS-Chem modeling system 130
The two-way coupled system (Yan et 
Measurements 196
This study presents model evaluation over China and its neighboring countries in spring. 197 We also evaluate the simulation of CO, a relatively long-lived transport tracer. Figure  198 3 shows the suite of ground, aircraft and ozonesonde measurements. 199
Surface measurements 200
Measurements from a total of 32 ground sites are used here; see Tables 3 and 4 
Model evaluation 237
Here we focus on model evaluation over China and its neighboring area in spring. 238
Global ozone evaluation of the two-way coupled model system is detailed in Yan et al.
239
(2016) using 1420 ground sites, various aircraft observations and satellite 240 measurements, although the observations over China are sparse. 241 At Lin'an (Fig. 3c) At Shangri-La, Waliguan and Issyk-Kul (Fig. 3d-f) , with high latitudes and little local 262
Surface ozone and CO over China and nearby countries 242
anthropogenic sources, the model overestimates the MDA8 ozone by 7-8 ppb (11-263 14%). At Everest-Pyramid in Nepal (Fig. 3g) We also evaluate the modeled daily average CO at six sites within and outside China 286 with available hourly observations (Fig. 4) . Overall, the model captures the day-to-day 287 variability of daily mean CO fairly well (R = 0. CO at most heights above the three airports, although it captures the vertical shape fairly 324 well. 325
Summarizing remark on model evaluation 326
Our simulation has a small NMB for surface ozone, at about 10% averaged over 10 327 sites with hourly data (Fig. 3 and Table 3 ) and about 15% averaged over 21 sites with 328 monthly data from EANET and the literature ( The simulated background ozone (i.e., without Chinese anthropogenic emissions, the 363 xCH case) is shown in Fig. 7b . The background ozone are higher than the natural ozone 364 by 2-11 ppb over most Chinese regions (Fig. 8b) . This indicates large influences of 365 foreign anthropogenic emissions through atmospheric transport of ozone and its 366 precursors, as discussed in detail below. 367 Figure 8a shows the spatial distribution of domestic anthropogenic contributions to 369 daily mean surface ozone over China (CTL − xCH, as adjusted with Eq. 1). Over most 370 of the west and northeast, Chinese anthropogenic emissions are relatively low, and they 371 result in ozone concentrations by 0-4 ppb. In contrast, domestic contributions reach 372 16-25 ppb over the south due to more emissions and favorable conditions for 373 photochemistry. Over the North China Plain and many populous cities, Chinese 374 anthropogenic emissions lead to reductions (instead of enhancements) of surface ozone. 375 This is because of a weak ozone production efficiency and a strong titration effect by 376 excessive domestic NOx emissions. Figure 8d -f shows that when Ox (= O3 + NO2) is 377 considered, Chinese anthropogenic contributions vary from 2-4 ppb over the west to 378 6-12 ppb over the North China Plain and to 20-35 ppb over the southeast (Fig. 8d ). 379 borders, and they exceed 6 ppb over the vast northern regions. The foreign contribution 382 reduces from the border to the inner areas, with a minimum (2-3 ppb) over the Sichuan 383
Domestic versus foreign anthropogenic contributions to ozone 368
Basin where the air is more isolated. In terms of anthropogenic ozone, foreign 384 contributions account for up to 90% over most of western and northeastern China ( slowly until a value at 1 ppb at 12 km. By comparison, Chinese contribution to Ox is 431 about 7-11 ppb below 2 km, and at higher altitudes the contribution is almost identical 432 to that for ozone (not shown). The small contributions above 2 km for both ozone and 433
Ox are because as ozone and precursors associated with Chinese emissions are lifted to 434 higher altitudes, they are transported out of Chinese territory and destroyed gradually. 435
The grey line in Fig. 11a shows that the total foreign contribution is about 5.2-7.8 ppb 436
at different heights with a reverse "C" shape, i.e., higher values at 3-9 km and lower 437 values above or below that layer. The foreign contribution exceeds Chinese 438 contribution at all heights above 2 km. Nonetheless, the total (Chinese + foreign) 439 anthropogenic ozone is less than one third of natural ozone throughout the troposphere. 440 Figure 10b shows that of ozone over China produced from all anthropogenic emissions, 441 foreign emissions together contribute 50% at the surface, 40% at 0.7 km as a minimum, 442 and 85% in the upper troposphere. 443 Figure 11b specifies the contribution of each foreign emission source region. Figure  444 11c further separates the portion of ozone produced within each source region's 445 territory from the portion produced outside of that source region. South-East Asian 446 contribution is about 0.5-2.5 ppb averaged over China, and it increases with height due 447 to strong upwelling that lifts pollutants to the middle and upper troposphere. The 448 contribution from Japan and Korea is below 0.5 ppb throughout the troposphere 449 averaged over China (Fig. 11b) . The share of transboundary ozone produced within 450 South-East Asian territory and transported to China is about 10-45% (mostly below 451 30%), and the share for ozone produced within Japan and Korea is even smaller (5-452 25%) (Fig. 11c) , highlighting the importance of ozone produced by precursors 453 transported out of these two emission source regions. 454 South Asian contribution is only about 0.5-1.2 ppb throughout the troposphere (Fig.  455  11b) . Although South Asia has more anthropogenic emissions than South-East Asia 456 (Table 2) , its contribution to ozone over China is smaller due to blocking of transport 457 by the Himalayas with high elevation (Fig. 2) . In addition, the share of transboundary 458 ozone produced within South Asian territory reaches 70-90% below 6 km but declines 459 rapidly to 28% at 12 km (Fig. 11c) , a characteristic drastically different from the share 460 for South-East Asia. 461 The contribution from Rest of Asia is below 1.8 ppb at all heights with a negative 462 vertical gradient (Fig. 11b) . Above 3 km, the portion of transboundary ozone produced 463 within the territory of Rest of Asia is similar to that for South Asia (Fig. 11c) . However, 464 the portion exhibits a strong vertical gradient below 3 km, with a minimum value at 45% 465 near the ground. 466
European contribution declines from 1.5 ppb in the lower troposphere to 0.2 ppb at 12 467 km, similar to that for Rest of Asia (Fig. 11b) . In spring, Eurasian frontal activities 468 transport and gradually lift European pollutants to downwind areas. The portion of 469 transboundary ozone produced within European territory is about 55-65% at 3-10 km 470 but is as low as 20% below 1 km (Fig. 11c) , suggesting that most Europe-contributed 471 near-surface ozone over China are produced from precursors transported out of Europe. 472 Figure 11b shows that North American anthropogenic emissions contribute about 1.5-473 2.5 ppb of ozone below 8 km, although the contribution declines rapidly to 0.2 ppb at 474 12 km. Compared to Europe, North America is further away from China, but its 475 pollutants can be transported via the strong mid-latitude westerly. Averaged over China, 476
North American contribution is larger than European contribution at all heights, e.g., 477
by a factor of two in the middle and upper troposphere. The higher contribution is due 478 to much more anthropogenic emissions in North America than in Europe. Table 3 shows  479 that North America emits NMVOC nearly twice as much as Europe does; and Wu et al.
480
(2009) showed that the amount of transboundary ozone is nearly proportional to 481 NMVOC emissions of the source region. In addition, Fig. 11c shows that the portion of 482 transboundary ozone produced within North American territory is only about 5-20% 483 below 8 km, reflecting the dominant contribution by ozone produced from transported 484 precursors. The low share of ozone produced within North America is primarily 485 because most of such ozone is destroyed during the transport from North America to 486
China (for about two weeks), given the tropospheric lifetime of ozone at about three 487 weeks (Yan et al., 2016) . 488
The grey line in Fig. 11c shows the average portion of transboundary ozone from all 489 foreign source regions that is produced within the territories of respective foreign 490 regions. The average portion is less than 50% throughout the troposphere, is about 40% 491 at 2 km, and is as low as 25% near the surface. This again highlights the dominant 492 importance of ozone production along with the transport of precursors. 493
Conclusions 494
This study uses a GEOS-Chem based two-way coupled modeling system to simulate 495
Chinese and foreign anthropogenic contributions to springtime ozone at different 496 heights over China. Anthropogenic contributions are associated with anthropogenic 497
NOx, CO and NMVOC emissions, excluding the effect of methane. We combine the 498 zero-out simulations and tagged ozone simulations to separate the transboundary ozone 499 produced within the territory of each emission source region from the ozone produced 500 by anthropogenic precursors transported out of that source region. We use a weighting 501 North American anthropogenic emissions increase ozone by 1.8-2.7 ppb over much of 528 the west, by 1.5-2.1 ppb over the populous North China Plain, and by less than 0.9 ppb 529 over the south. 530
Vertically, for ozone of anthropogenic origin averaged over China, Chinese emissions 531 contribute ~ 6 ppb (50%) of ozone at the surface, 6.0-10.5 ppb below 2 km, decreasing 532 to 3 ppb at 5 km and 1 ppb at 12 km. The total foreign contribution increases from 40-533 50% below 2 km to 50-85% above that height. The contribution from Japan and Korea 534 is below 0.5 ppb throughout the troposphere averaged over China. Despite its large 535 emissions, South Asia contributes only about 0.5-1.2 ppb throughout the troposphere 536 due to blocking of transport by the Himalayas. South-East Asian contribution increases 537 with height due to strong upwelling that lifts pollutants to the upper troposphere. On 538 the contrary, European contributions decreases from 1.5 ppb in the lower troposphere 539 to 0.2 ppb at 12 km. Despite the long transport distance, North American contribution 540 reaches as much as 1.5-2.5 ppb below 8 km due to its large anthropogenic emissions 541 and the strong mid-latitude westerly favorable for transboundary transport. For ozone of foreign anthropogenic origin averaged over China, the portion of 543 transboundary ozone produced within foreign source regions is less than 50% 544 throughout the troposphere, albeit with a strong vertical variability, indicating the 545 importance of ozone produced by precursors transported out of those source regions. 546
The portion also differs among each foreign source region of South-East Asia (10-45%) 547
and Japan and Korea (5-25%), South Asia (from 70-90% below 6 km to 28% at 12 548 km), Europe (from 20% below 1 km to 55-65% at 3-10 km), and North America (5-549 20% below 8 km). Thus tracing ozone produced within the territory of a particular 550 region is drastically different from tracing ozone associated with emissions in that 551 region. 552
In summary, although China is a major pollutant emitter, the ozone above its territory 553 consists primarily of natural sources, especially over western 
